Solid-phase chemistry, photolabile protecting groups, and photolithography have been combined to achieve light-directed, spatially addressable parallel chemical synthesis to yield a highly diverse set of chemical products. Binary masking, one of many possible combinatorial synthesis strategies, yields 2" compounds in n chemical steps. An array of 1024 peptides was synthesized in ten steps, and its interaction with a monoclonal antibody was assayed by epifluorescence microscopy. High-density arrays formed by light-directed synthesis are potentially rich sources of chemical diversity for discovering new ligands that bind to biological receptors and for elucidating principles governing molecular interactions. The generality of this approach is illustrated by the light-directed synthesis of a dinucleotide. Spatially directed synthesis of complex compounds could also be used for microfabrication of devices.
T HE REVOLUTION IN MICROELECTRONICS HAS BEEN MADE
possible by photolithography, a process in which light is used to spatially direct the simultaneous formation of many electrical circuits. We report a method that uses light to direct the simultaneous synthesis of many different chemical compounds. Synthesis occurs on a solid support. The pattern ofexposure to light or other forms of energy through a mask, or by other spatially addressable means, determines which regions of the support are activated for chemical coupling. Activation by light results from the removal of photolabile protecting groups from selected areas (Fig.  1 ). After deprotection, the first of a set of "building blocks" (for example, amino acids or nucleic acids, each bearing a photolabile protecting group) is exposed to the entire surface, but reaction occurs only with regions that were addressed by light in the preceding step. The substrate is then illuminated through a second mask, which activates a different region for reaction with a second protected building block. The pattern of masks used in these illuminations and the sequence of reactants define the ultimate products and their locations. The number ofcompounds that can be 15 FEBRUARY 1991 synthesized by this technique is limited only by the number of synthesis sites that can be addressed with appropriate resolution. Combinatorial masking strategies can be used to form a large number of compounds in a small number of chemical steps. Moreover, a high degree of miniaturization is possible because the density of synthesis sites is bounded only by physical limitations on spatial addressability, in this case the diffraction of light. Each compound is accessible and its position is precisely known. Hence, its interactions with other molecules can be assessed.
Spatially localized photodeprotection. Spatially localized substrate activation can be accomplished by photolithographic techniques. Amino groups at the ends of linkers attached to a glass substrate were derivatized with nitroveratryloxycarbonyl (NVOC), a photoremovable protecting group (1). Photodeprotection was effected by illumination of the substrate through a mask (a 100 pgm by 100 pm checkerboard) with alternating opaque and transparent elements. The free amino groups were fluorescently labeled by treatment of the entire substrate surface with fluorescein isothiocyanate (FITC). The substrate was then scanned in an epifluorescence microscope. The presence of a high-contrast fluorescent checkerboard pattern with 100 pm by 100 pm elements (depicted in red in Fig. 2 ) reveals that free amino groups were generated in specific regions by spatially localized photodeprotection.
ight-directed peptide synthesis. Light-directed synthesis of two pentapeptides was carried out as outlined in Fig. 3 . The 1-hydroxybenzotriazole (HOBt)-activated ester of NVOC-Leu (NVOC-LeuOBt) was allowed to react with the entire surface of a substrate that had previously been derivatized with amino functional groups. After removal ofthe NVOC protecting group by uniform illumination, the substrate was treated with NVOC-Phe-OBt. Two repetitions of this cycle with NVOC-Gly-OBt generated a substrate containing NVOC-GGFL across the entire surface (2). Spatially localized photodeprotection was then performed through a 50-pum checkerboard mask. The surface was then treated with Na-tert-butyloxy carbonyl-O-tert-butyl-L-tyrosine. Finally, the surface was uniformly illuminated to photolyze the remaining NVOC-GGFL sites and treated with NVOC-Pro-OBt.
After removal ofthe protecting groups, the surface consists ofan array ofH2N-Tyr-Gly-Gly-Phe-Leu (YGGFL) and H2N-Pro-Gly-Gly-PheLeu (PGGFL) peptides in 50 pum by 50 Fig. 6b , the synthesis would consist of two synthesis rounds with 20 coupling cycles per round. In cycle 1 of the first round, mask 1 activates 1/20th ofthe substrate for coupling with the first of 20 amino acids. An additional 19 illumination and coupling cycles are required to complete round 1. The substrate now consists of 20 rectangular stripes each bearing a distinct member of the 20 amino acids. The masks of round 2 are perpendicular to round 1 masks and therefore a single illumination-coupling cycle in round 2 yields 20 dipeptides. The other 19 cycles in round 2 complete the synthesis of the 400 dipeptides. In this combinatorial synthesis strategy, the total number of compounds synthesized (k) would be k = a1, where the length (1) ofthe peptides is 1 = n/a, n is the number of cycles, and a is the number of chemical building blocks. For example, if a = 20 and 1 = 5, then n = 100 and k = 3.2 x 106.
We develop a general formalism below to describe the combinatorial strategy for any spatially addressable chemical synthesis. The synthesis can be conveniently represented in matrix notation. At each synthesis site, the decision to add a given monomer is The aminated surface of the slide was then exposed to a 30 mM solution of the N-hydroxysuccinimide ester of NVOC-GABA (nitroveratryloxycarbonyl-y-amino butyric acid) in dimethylformamide (DMF). The NVOC protecting group was photolytically removed by imaging the 365-nm output from a mercury arc lamp through a chrome-on-glass 100-p1m checkerboard mask onto the substrate for 20 min at a power density of 12 mW/Cm2. The exposed surface was then treated with 1 mM FITC in DMF. The substrate surface was scanned with an epifluorescence microscope (Zeiss Axioskop 20, 488-nm excitation from an argon ion laser, Spectra-Physics model 2025). The fluorescence emission above 520 nm was detected by a cooled photomultiplier (Hamamatsu 943-02) operated in a photon-counting mode.
Fluorescence intensity was translated into color as shown on the scale on the right (red is the highest intensity). The outcome P of a synthesis is simply P = C S, the product of the chemical reactant matrix and the switch matrix. The switch matrix for an n-cycle synthesis yielding k products has n rows and k columns. A key attribute of S is that each row specifies a mask. A 2-D mask my for thejth chemical step of a synthesis may be obtained directly from thejth row of S by placing the elements sl, ... sjk into square format (4) S11 S12 S13 S14
For example, the masks in Fig. 6a are then denoted by:
1 1 00 10 ml= 00 m2 1 m3= 10 0 1 m4 0 1 where 1 denotes illumination (activation) and 0 denotes no illumination.
The matrix representation makes it easy to define the masks that generate a desired set ofproducts. Each compound is defined by the product of the chemical vector and a particular switch vector. Therefore, for each synthesis address, a switch vector is chosen, all of the switch vectors are assembled into a switch matrix, and each of the rows is extracted to form the masks. The matrix representation also suggests ways of conducting a synthesis to get particular product distributions or a maximal number of products. For example, for C = [AB,CD], any switch vector (a>) consists of four bits. The rows of the binary switch matrix have the property that each masking step illuminates one half of the synthesis area. Each masking step also factors the preceding masking step. The half region that was illuminated in the preceding step is again illuminated, whereas the other half is not, and the half region that was unilluminated in the preceding step is also illuminated, whereas the other half is not. Thus masking is recursive. The masks are constructed, as described above, by extracting the elements of each row and placing them in a square array. 1111 1111 1100 1010 1111 0000 1100 1010 ml=0000m2= 11m3= 1 100m4= 1010 0000 0000 1100 1010 The recursive factoring of masks suggests that the products of a light-directed synthesis can be represented by a polynomial (5). For example, the polynomial corresponding to Fig. 6a is 
We can expand a reaction polynomial as though it were an algebraic expression, provided that the order ofjoining of reactants X1 and X2 is preserved, that is, X1 and X2 are not commutative (X1X2 . X2X1). The product then is AC + AD + BC + BD. The polynomial explicitly specifies the reactants and implicitly specifies the mask for each step. Each pair of parentheses demarcates a round of synthesis. The chemical reactants ofa round (for example, A and B) react at nonoverlapping sites and hence cannot combine with one another. The synthesis area is divided equally among the elements of a round (for exampk, A is directed to one halfofthe area and B to the other half). Hence, the masks within a round (for example, the masks mA and mB) are orthogonal and form an orthonormal set. The polynomial notation also signifies that each element in a round is to be joined to each element ofthe next round = X and X0 = X, and remembering that joining is ordered). In a binary synthesis, each round contains one reactant and one null (denoted by 0). One half of the synthesis area receives the reactant, and the other half receives nothing. Each mask overlaps every other mask to an equal extent (6).
Binary syntheses are attractive for two reasons. First, they generate the maximal number of products (2") for a given number of chemical steps (n). For four reactants, 16 compounds are formed in the binary synthesis, whereas only 4 are made when each round has two reactants. A 10-step binary synthesis yields 1,024 compounds, and a 20-step binary synthesis yields 1,048,576. Second, products formed in a binary synthesis are a complete nested set with lengths ranging from 0 to n. All of the compounds that can be formed by deleting one or more units from the longest product (with n units) are present. Contained within the binary set are the smaller sets that would be formed from the same reactants with the use of any other set of masks (for example, AC, AD, BC, and BD formed in the synthesis shown in Fig. 6 are present in the set of 16 formed by the binary synthesis). The only potential disadvantage of a binary synthesis is that the experimentally achievable spatial resolution may not suffice to accommodate all of the compounds formed. Therefore, practical limitations may require one to select a particular subset of the possible switch vectors for a given synthesis.
Ten-step binary peptide synthesis. The power of the binary masking strategy can be appreciated by the outcome of a ten-step synthesis that produces 1024 peptides. This synthesis is represented in polynomial notation by (2,7) (f + 0)(Y + 0)(G + 0)(A + 0)(G + 0)(T + 0)(F + 0) (L + 0)(S + 0)(F + 0)
The lengths of the peptides synthesized are given by the binomial distribution. Oligonucleotide synthesis. The generality of light-directed spatially addressable parallel chemical synthesis is demonstrated by its application to nucleic acid synthesis. Light-activated formation of a thymidine-deoxycytidine dinucleotide was carried out as described in Fig. 8 . 5'-Nitroveratryl thymidine was attached to the surface of a glass substrate. After removal of the protecting group by illumination through a 500-,im checkerboard mask, the substrate was treated with a phosphoramidite-activated derivative of deoxycytidine. A fluorescent probe was then attached to the exocyclic NH2 Fig. 7. (a) Fluorescence scan of an array of 1024 peptides generated by a ten-step binary synthesis. Following photochemical and side group deprotection, the array was treated with antibody 3E7 and then fluorescein-labeled antibody as described in the preceding legends. The polynomial expression for this ten-step binary synthesis is Each peptide occupies a 400 pm by 400 ,um square. (b) Coordinate map for the ten-step binary synthesis. The identity of each peptide in the array can be determined from its x and y coordinates (each range from 0 to 31). The chemical units at sequence positions 1, 3, 4, 7, and 8 are specified by the x coordinate (blue) and those at positions 2, 5, 6, 9, and 10 by the y coordinate (red). All but one ofthe peptides is shorter than ten residues. For example, to identify the peptide at x = 12 and y = 3, extract the blue members from column 12 ( .GA..F... ) and the red members from column 3 (.Y G ..... ) while preserving the linear order to obtain the sequence YGAGF. The brightest element of the array, YGAFLS, is at x = 20 and y = 9. 15 FEBRUARY 1991 Fi9. 8. Three-dimensional representation of a fluorescence scan showing a checkerboard pattern generated by the light-directed synthesis of a dinucleotide. 5'-Nitroveratryl thymidine was synthesized by published procedures (22) from the 3'-O-thymidine acetate. After deprotection with base, the 5'-nitroveratryl thymidine was attached to an aminated substrate through a linkage to the 3'-hydroxyl group. The nitroveratryl protecting groups were removed by illumination through a 500-pgm checkerboard mask. The substrate was then treated with phosphoramidite-activated 2'-deoxycytidine. In order to follow the reaction fluorometrically, the deoxycytidine had been modified with an FMOC-protected aminohexyl linker attached to the exocyclic amine {5'-0-(4,4'-dimethoxytrityl)-4-N-[6-N-fluorenylmethylcarbamoylhexylcarboxy (FMOC)]-2'-deoxycytidine} (23) . After removal of the FMOC protecting group with base, the regions which contained the dinudeotide were fluorescently labeled by treatment of the substrate with 1 mM FITC in DMF for 1 hour.
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The 3-D representation of the fluorescence intensity data in Fig.  8 reproduces the checkerboard illumination pattern used during photolysis of the substrate. This result demonstrates that oligonucleotides as well as peptides can be synthesized by the light-directed method.
Comparison to other methods and potential applications. We have introduced an approach for the simultaneous synthesis of a large number of compounds that combines solid-phase synthesis (11), photolabile protecting groups (1), and photolithography (12) . The method can be applied to any solid-phase synthesis technique in which light can be used to generate a reactive group. We have used light-directed spatially addressable parallel chemical synthesis to synthesize large arrays of peptides. The light-directed formation of oligonucleotides attests to the versatility of the technique and suggests that it could be broadly applicable in making high-density arrays of chemical compounds. The ten-step binary synthesis results in the formation of 1024 peptides in 1.6 cm2. The 50-pum checkerboard pattern of alternating pentapeptides shows that 40,000 compounds can be synthesized in 1 cm2. Our present capability for high-contrast photodeprotection is better than 20 gum, which gives >250,000 synthesis sites per square centimeter. There is no physical reason why higher densities of synthesis sites cannot be achieved. Indeed, high spatial resolution electron-beam lithography (-250 A) has been used to generate patterns at a density of 1010 per square centimeter (13) .
It is interesting to compare the light-directed method with other techniques for parallel chemical synthesis. One approach is to physically segregate different reactants by pipeting them into different reaction vessels. For example, 96 peptides have been simultaneously synthesized on the tips of pins by immersing them into different solutions that are contained in the chambers of a microtiter plate (14) . The need for physical separation of reaction sites sharply limits the number of compounds that can be made by the pin method. In contrast, very large numbers of peptides can be generated by recombinant DNA approaches (9, 15 Fabrication of small devices such as microelectronic circuits relies on the chemistry of photoresists, vapor deposition, and ion implantation. The techniques described here enable the in situ synthesis of complex compounds on a microscale. The methods of spatially addressable chemical synthesis may be used in conjunction with the microfabrication of circuitry. The union of these technologies may find applications in novel detection devices containing arrays of biological receptors or other molecular recognition elements.
The functional properties of molecules synthesized by the lightdirected approach can be read in a variety of ways. As was shown here, the binding of a receptor such as an antibody can readily be detected fluorimetrically. Radioactive or chemiluminescent labels could also be used (19) . The susceptibility of compounds in an array to modification by an enzyme or other catalyst could also be directly assayed. For example, the cleavage of a peptide at a site located between a fluorescent energy donor and acceptor would lead to increased fluorescence (20) . Peptides that are effective substrates for phosphorylation by a kinase could be identified by monitoring the 32P pattern following incubation with enzyme and radiolabeled ATP (adenosine triphosphate).
Oligonucleotide arrays produced by light-directed synthesis could be used to detect complementary sequences in DNA and RNA. Such arrays would be valuable in gene mapping, fingerprinting, diagnostics, and nucleic acid sequencing. A sequencing method based on hybridization to a complete set of fixed-length oligonucleotides immobilized individually as dots of a two-dimensional matrix has been proposed (21) . It is noteworthy that the light-directed synthesis of all 65,536 possible octanucleotides (48) would fit into 1.6 cm2 with 50-pm square sites, a resolution already achieved. receptor to the surface-immobilized compounds. In such cases, multivalency can be used to decrease the off rate by forming multimers of the receptor with crosslinking reagents or by preincubatng the receptor with a nonblocking immunoglobulin G (IgG). 9. The contribution to the net coupling yield from photodeprotection and chemical coupling has been assessed in the following ways. We have experimentally determined the photolysis rate for NVOC-amino acids and have chosen illumination conditions that ensure >99 percent of the amino acids have been photodeprotected. We have also determined the chemical coupling efficiency of selected amino acids on our substrates. For example, in order to determine the coupling efficiency ofLeu to Leu, NVOC was first selectively photolyzed from one region of a NVOC-Leu derivatized substrate. The photochemically deprotected amino groups in this first region were then coupled to FMOC-Leu-OBt. At this stage incomplete Leu to Leu coupling would leave unreacted amino groups. A second photolysis step was then used to photolyze a different region of the substrate. Treatment of the substrate with FITC would label the free amino groups that remain from incomplete chemical coupling in the first region and the free amino groups exposed by photolysis in the second region. Direct comparison of the quantitative fluorescence signal from both regions indicates the extent of chemical coupling. If the coupling yield is high, the ratio of the signals of the first to the second photolysis regions is low. We have used this technique as an optimization tool in order to develop the experimental conditions that maximize chemical coupling.
16. Suppose that the kernel consists of PQR separated from XYZ and that the aim is to synthesize peptides in which these units are separated by a variable number of different residues. The kernel can be placed in each peptide by using a mask that has l's everywhere. The polynomial representation of a suitable synthesis is (P)(Q)(R)(A + 0)(B + 0)(C + 0)(D + 0)(X)(Y)(Z) Sixteen peptides would be formed, ranging in length from the six-residue PQRXYZ to the ten-residue PQRABCDXYZ. Other masking strategies deserve comment.
For example, by using a particular mask more than once, we compel two or more reactants to appear in the same set of products. Suppose that the mask for an eight-step synthesis is A 11110000 B 00001111 C 11001100 D 00110011 E 10101010 F 01010101 G 11110000 H
00001111
The products are ACEG, ACFG, ADEG, ADFG, BCEH, BCFH, BDEH, and BDFH. A and G always appear together because their additions were directed by the same mask, and likewise for B and H.
